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EVALUATION OF FLOW PROPERTIES IN
PHYSICAL MEDIA

BACKGROUND

Traditional processes for determining tlow properties of
fluids 1n constricted channels typically involve visual mea-
surements of particles suspended 1n the fluids. Often, con-
stricted channels of interest are opaque (or otherwise
obscured) such that visual-based measurement processes are
ineflective to determine flow properties in the channels.

Such processes can also require specialized equipment,
such as transparent viewing panes and elaborate microscope
systems, to visually inspect the flow of the particles. Hence,
these processes for determining the flow properties of fluids
can be unnecessarily costly.

Further, the traditional processes typically involve serial
measurements of the particles. Hence, these processes can
have relatively slow performance due to slow data aggre-
gation when inspecting the particles as they tlow in the
constricted channels.

SUMMARY

A system 1s provided according to one embodiment of the
present disclosure. The system comprises a light source
configured to generate a plurality of optical signals; tracers
suspended 1n a fluid; a plurality of photonic devices, each
including a photonic element and flow channel; and a
measurement device configured to: determine a first mea-
surement based on the plurality of optical signals and the
tracers 1n a tlow channel of a first photonic device of the
plurality of photonic devices, determine a second measure-
ment based on the plurality of optical signals and the tracers
in a flow channel of a second photonic device of the plurality
of photonic devices, and determine a property associated
with a tlow of the flmd or the tracers based on the first
measurement and the second measurement. Advantageously,
this enables the flow properties of a channel to be deter-
mined irrespective of the opaqueness or visual obscurity of
the channel. Further, this lowers the cost of determining flow
property of fluids 1n such channels since the determinations
do not depend on specialized equipment such as transparent
walls and elaborate microscope systems for visual 1nspec-
tion.

According to another embodiment of the present disclo-
sure, a photonic element of the first photonic device 1s
aligned with the light source to allow the plurality of optical
signals to reach the tflow channel of the first photonic device.
Advantageously, this enables the system to measure and
determine the tlow of the tracers without relying on visual
ispection.

According to another embodiment of the present disclo-
sure, a first photonic element of the first photonic device and
a second photonic element of the first photonic device are
aligned on opposite sides of the tflow channel of the first
photonic device such that the plurality of optical signals can
transfer from the first photonic element to the second
photonic element. Advantageously, this enables the system
to measure the interaction between the light signal and the
tracers so that the flow properties of the fluid can be
determined.

According to another embodiment of the present disclo-
sure, the photonic element of the first photonic device
comprises a Y-splitter, wherein the light source 1s disposed
on a first end of the Y-splitter, wherein the measurement
device 1s disposed on a second end of the Y-splitter, and
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wherein a third end of the Y-splitter 1s disposed on the flow
channel of the first photonic device. Advantageously, this
enables the system to measure the interaction between the
light signal and the tracers so that the flow properties of the
fluid can be determined.

According to another embodiment of the present disclo-
sure, the flow channel of the first photonic device extends
from one end of a first photonic device to the opposite end
of the first photonic device. Advantageously, this enables the
fluid to tflow through the first silicon-based photonic device,
such that the flow of the flmid 1n the flow channel represents
the flow of the fluud in the fluidic device. This enables
measurements taken at the flow channel to accurately rep-
resent the flow of the fluid 1n the fluidic device.

According to another embodiment of the present disclo-
sure, each of the first measurement and the second measure-
ment comprises at least one of a fluorescence, reflection, a
refraction, an absorption, or an emission of light. Advanta-
geously, this enables the system to measure the eflects of the
interaction between the light signal and the tracers.

According to another embodiment of the present disclo-
sure, one or more photonic devices are disposed on the first
photonic device. Advantageously, this enables the system to
take parallel measurements of the fluid or particles, thereby
increasing the speed of data aggregation, and the speed of
the determination of the fluid’s properties.

According to another embodiment of the present disclo-
sure, the tracers comprise at least one of polystyrene balls
containing fluorescent molecules, morganic particles, quan-
tum dots, molecules, organic dye, metal micro-particles, or
metal nanoparticles. Advantageously, this enables the sys-
tem to measure how the light signal interacts with, and
allects, the tracers, thereby enabling functional measure-
ments to determine properties of the fluid.

A photonic device 1s presented according to one embodi-
ment of the present disclosure. The photonic device com-
prises: a substrate; a first photonic element disposed on the
substrate; a flow channel disposed on the substrate, wherein
the first photonic element 1s arranged to allow an optical
signal to reach the flow channel from outside of the photonic
device; and a capping layer disposed on the first photonic
clement and the flow channel. Advantageously, this enables
the measurement of fluids that flow through the flow chan-
nel, thereby enabling determination of the fluid’s properties.

According to another embodiment of the present disclo-
sure, the flow channel 1s arranged to allow fluid to flow to
a second photonic device. Advantageously, this enables tlow
properties to be determined based on measurements at each
photonic device, thereby enabling the determination of flow
properties of a fluid that tlows between the photonic device
and the second photonic device.

According to another embodiment of the present disclo-
sure, the first photonic element and a second photonic
clement are aligned on opposite sides of the tlow channel
such that the optical signal can transfer from the first
photonic element to the second photonic element. Advanta-
geously, this enables the system to measure the 1nteraction
between the light signal and the tracers so that the flow
properties of the fluid can be determined.

According to another embodiment of the present disclo-
sure, the first photonic eclement comprises a Y-splitter,
wherein a first end of the Y-splitter extends to a first side of
the photonic device, wherein a second end of the Y-splitter
extends to the first side of the photonic device, and wherein
a third end of the Y-splitter 1s disposed on the flow channel.
Advantageously, this enables the system to measure the
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interaction between the light signal and the tracers so that the
flow properties of the fluid can be determined.

According to another embodiment of the present disclo-
sure, the photonic device 1s disposed on at least one other
photonic device. Advantageously, this enables the system to
take parallel measurements of the fluid or particles, thereby
increasing the speed of data aggregation, and the speed of
the determination of the fluid’s properties.

A method 1s provided according to one embodiment of the

present disclosure. The method comprises: determining, via
a measurement device, a first measurement based on a

plurality of optical signals and a flow of tracers 1n a flow

channel of a first photonic device; determining, via the
measurement device, a second measurement based on the
plurality of optical signals and the flow of the tracers 1n a
flow channel of a second photonic device, wherein the first
and second flow channels are fluidically connected; and
determining, via the measurement device, a property asso-
ciated with the flow of the tracers based on the first mea-
surement and the second measurement. Advantageously, this
enables the flow properties of a channel to be determined
irrespective of the opaqueness or visual obscurity of the
channel. Further, this lowers the cost of determining tflow
property of fluids 1n such channels since the determinations
do not depend on specialized equipment such as transparent
walls and elaborate microscope systems for visual 1mspec-
tion.

According to another embodiment of the present disclo-
sure, determining the flow property further comprises deter-
mimng a macroscopic flow speed (U) of a fluid that includes
the tracers. Advantageously, this enables determination of
flow properties 1n particular channels of the fluidic device.

According to another embodiment of the present disclo-
sure, the macroscopic tlow speed (U) 1s determined as a
function of a tlow rate (Q) of the fluid over a cross-sectional
area (A) of the fluidic device, wherein Q 1s due to an applied
pressure gradient (VP), such that U=(Q/A. Advantageously,
this enables determination of flow properties in particular
channels of the fluidic device.

According to another embodiment of the present disclo-
sure, the macroscopic tlow speed (U) 1s determined as a
function of a distance traveled (Ax) by the plurality of tracers
and an average time ([JAt[_]) required to travel the distance
Ax, wherein the macroscopic tlow speed (U) 1s determined
as a function of a channel length (L) traveled by the plurality
of tracers and an average time of flight (LT []) required to
travel the length L., such that U=Q/A=Ax/ ( At)=L/{Tz) .
Advantageously, this enables determination of tlow proper-
ties i particular channels of the fluidic device.

According to another embodiment of the present disclo-
sure, determining the flow property further comprises deter-
miming a permeability (k) of a channel of the fluidic device
based on a fluid viscosity (u), the macroscopic flow speed
(U), and a pressure gradient VP, such that k=uU/(-VP).
Advantageously, this enables determination of tlow proper-
ties 1n particular channels of the fluidic device.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

FIG. 1 illustrates a fluidic device measurement system,
according to one embodiment.

FIG. 2A 1llustrates a top view of a scalable flow unit,
according to one embodiment.

FIG. 2B 1illustrates a cross-sectional view of a scalable
flow unit, according to one embodiment.
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4

FIG. 3 illustrates a fluidic device measurement system
with a multi-stack scalable flow unit, according to one
embodiment.

FIG. 4 1llustrates a method of determining flow properties
of a fluidic device, according to one embodiment.

DETAILED DESCRIPTION

Embodiments of the present disclosure are directed
towards a measurement system for determining tlow prop-
erties of a fluid 1n a micro-fluidic or nano-fluidic device. As
mentioned above, traditional processes for determining flow
properties rely on visual mspection of particles 1n the fluid,
which 1s ineflective for opaque or obscure channels. Further,
the traditional processes typically implement costly micro-
scopic systems to perform the visual inspections of particles
in the fluid. Further, the traditional processes can have
relatively poor performance due to a serialized inspection of
the particles 1n the tluid.

In one embodiment of the present disclosure, the mea-

surement system includes scalable flow units disposed on or
within the fluidic device such that the fluid of the fluidic
device tlows through a flow channel of each scalable tlow
unit. In one embodiment, each scalable flow unit comprises
a photonic element that allows light to reach the flow
channels of the scalable flow units. The measurement system
tracks tracers suspended 1n the fluid of the fluidic device as
the fluid flows through the flow channels. The measurement
system also determines light measurements based on inter-
actions between the tracers and the light that reaches the
flow channels. The flow properties of the fluid are deter-
mined based on the light measurements.

Benefits of the aforementioned embodiments over tradi-
tional processes for determining tlow properties include the
ability to determine the tflow properties of fluids 1n opaque
or obscured channels, decreased costs due to tflow property
determinations that do not depend on specialized equipment
such as transparent walls and elaborate microscope systems
for visual inspection, and increased performance due to
parallel measurements to gather data about the flow of the
flud.

FIG. 1 1llustrates a fluidic device measurement system
100, according to one embodiment. In one embodiment, the
fluidic device measurement system 100 comprises a fluidic
device 102 that includes a first channel configuration 104, a
second channel configuration 106, and a third channel
configuration 108.

In the illustrated embodiment, the first channel configu-
ration 104 and the third channel configuration 108 include a
smooth surface texture, while the second channel configu-
ration 106 includes a porous channel texture. Due to differ-
ences 1n these channel configurations, tlow properties of a
fluid may not be i1dentical as the fluid flows from the first
channel configuration 104 to the third channel configuration
108. As a non-limiting example, the fluid can flow at a first
flow rate through the first channel configuration 104, which
can include a smooth surface texture, and can flow at a
different, second flow rate through the second channel
configuration 106, which can include a porous surface
texture.

In one embodiment, one or more scalable flow units
(which are discussed 1n detail later in FIGS. 2A-2B, but are
omitted from FIG. 1 so the underlying elements 1n the fluidic
device measurement system 100 can be seen) are disposed
on or within the channel configurations of the fluidic device.
Each scalable tlow unit can comprise one or more photonic
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clements. The photonic elements can comprise at least one
ol a waveguide, splitter, combiner, mixer, or interferometer,
or the like.

When the photonic elements are aligned with one or more
light sources 120A-120D, the photonic elements transfer
light from a location external to the scalable flow unit into
a flow channel of the scalable flow unit or into a channel
configuration of the flmdic device. In the illustrated embodi-
ment, the light sources 120A-120D are depicted as four
separate light sources disposed on a first side of the fluidic
device 102 (e.g., along a length of the fluidic device 102).
However, 1n one embodiment, the light sources 120A-120D
can represent a single light source. For instance, the light
sources 120A-120D can be a single tluorescent light source
that spans the length of the fluidic device, or a single light
source with four outlet light sources.

As shown, one or more measurement devices 130A-130D
are disposed on a second side of the fluidic device, opposite
the first side. When the measurement devices 130A-130D
are aligned with the light sources 120A-120D, light signals
from the light sources 120A-120D are transferred from the
light sources 120A-120D, through one or more channel
configurations of the fluidic device, and to the measurement
devices 130A-130D. The measurement devices 130A-130D
can be any device, mstrument, or sensor system that can
detect or measure a light signal. For instance, the measure-
ment devices 130A-130D can be a tlow sensor, a photo-
diode, a photometer, a light meter, a spectrometer, a com-
puting system or micro-controller connected to at least one
of the foregoing, or the like.

In one embodiment, the measurement devices 130A-
130D 1include software to communicate measurements to
one another, and to calculate flow properties based on the
measurements. In another embodiment, the measurement
devices 130A-130D are communicatively coupled to a com-
puting system (not shown) that receives the measurements
and calculates flow properties of the fluid based on the
measurements.

In the illustrated embodiment, the measurement devices
130A-130D are depicted as four separate measurement
devices. However, in one embodiment, the measurement
devices 130A-130D can indicate a single measurement
device, such as a computing system or micro-controller
connected to at least one of a flow sensor, a photodiode, a
photometer, a light meter, a spectrometer, or the like.

In one embodiment, a set of tracers 110 are suspended in
the fluid to aid the fluidic device measurement system 100
in determining the flow properties of the fluid as 1t passes
through each channel configuration. In the illustrated
embodiment, the tracers 110 are suspended 1n the flud of the
fluidic device 102. The tracers 110, along with the flud, tlow
through the fluidic device due to a pressure gradient (VP)
applied to the cross-sectional area (A) of the fluidic device.
As the tfluid flows from the first channel configuration 104 to
the third channel configuration 108, the tracers 110 can
represent the flow properties of the fluid 1n each respective
channel configuration.

In one embodiment, the tracers 110 suspended 1n the fluid
are limited 1n amount such that a single tracer interacts with
a light signal from one of the light sources 120A-120D at a
grven moment. One benefit to limiting the amount of tracers
110 1n this way 1s that the measurement device correspond-
ing to the respective light signal can take more accurate
measurements ol the single tracer, absent interference or
obstruction from other tracers.

In one embodiment, the tracers 110 are smaller than at
least one dimension of each channel configuration to ensure
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6

that the tracers 110 do not obstruct or alternate the tlow of
the fluid 1 the fluidic device. The measurement devices
130A-130D can measure the flow properties of a channel
configuration both before and after the tracers are suspended
in the fluid. The measurement devices 130A-130D can
compare the pre-tracer tlow properties to the post-tracer tlow
properties to determine whether the sizes of the tracers 110
have changed the pre-tracer flow properties. In the event that
such a change occurs, the oversized tracers can be removed
or replaced with an appropnately sized tracer that does not
allect the pre-tracer flow properties.

Additional properties of the tracers 110 can correspond to
measurement techniques of the fluidic device measurement
system 100. For example, tluorescent tracers can be used for
measurement devices that implement florescent-based mea-
surement signals. In one embodiment, the tracers comprise
polystyrene balls comprising molecules that fluoresce upon
excitation by light. Hence, the molecules are selected,
designed, or dyed to absorb or retlect light corresponding to
a wavelength of the florescent-based measurement signals.
The tracers can also comprise morganic particles, quantum
dots, molecules, organic dye, or the like, with or without any
polystyrene container.

The tracers can also comprise non-fluorescent matter for
use with measurement devices that implement other light-
based measurement signals. In one embodiment, the tracers
can comprise metal micro-particles, or nanoparticles such as
gold nanoparticles or silver nanoparticles.

When the tracers comprise fluorescent matter, the mea-
surement devices 130A-130D can measure the fluorescence
of the tracer to determine the flow properties of the fluid 1n
the channel configurations. When the tracers comprise metal
particles, the measurement devices 130A-130D can measure
the retlection, refraction, or absorption of the light signals to
determine the tlow properties of the fluid 1n the channel
configurations.

In the illustrated embodiment, as the tracers 110 flow
across the first channel configuration 104, the tracers 110 can
flow into a flow channel of a first scalable flow unit (not
shown). Light source 120A generates a light signal, which 1s
transierred into a photonic element of the first scalable flow
unit. The photonic element of the first scalable tlow unit can
guide the light signal to the tlow channel of the first scalable
flow unit. The tracers 110 encounter the light signal as the
tracers 110 travel along the flow channel of the first scalable
flow unit. During this encounter, measurement device 130A
can measure a tluorescence of the tracers 110, or an absorp-
tion, reflection, or refraction of the light signal. In one
embodiment, the measurement device 130A can determine a
point 1n time when i1t measures a light intensity or a change
in light intensity from the tracers 110, and communicate the
poimnt 1 time with a computing system or with another
measurement device.

As the tracers 110 continue to flow across the first channel
configuration 104, the tracers 110 can flow into a tlow
channel of a second scalable flow unit (not shown). Light
source 120B generates a light signal, which 1s transierred
into a photonic element of the second scalable flow unit. The
photonic element of the second scalable flow unit can guide
the light signal to the flow channel of the second scalable
flow umt. The tracers 110 encounter the light signal as the
tracers 110 travel along the flow channel of the second
scalable flow umt. During this encounter, measurement
device 130B can measure a fluorescence of the tracers 110,
or an absorption, reflection, or refraction of the light signal.
In one embodiment, the measurement device 130B can
determine a point 1n time when 1t measures a light intensity
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or a change 1n light mtensity from the tracers 110, and
communicate the point in time with a computing system or
with another measurement device.

In one embodiment, a computing system receives the
measurements and points in time (e.g., timestamps) from
measurement device 130A and measurement device 130B,
and determines an average time delay (<At,>) between the
points 1 time. Hence, <At,> can represent the average
amount of time the tracers 110 take to travel across the first
channel configuration 104. In another embodiment, a com-
bination of the measurement devices 130A-130D can be
communicatively coupled to each other and can determine
the average time delay corresponding to a channel configu-
ration 1n the fluidic device 102 using a process similar to the
alforementioned computer system process.

In the illustrated embodiment, the computing system
receives measurements and points 1n time that correspond to
light intensity from the tracers 110 as they pass measurement
devices 130A and measurement device 130B. The comput-
ing system can map the measurements and points 1n time to
the light intensity from the tracers 110 as a function of time
(I(t)). The computing system can then determine the points
in time of peak (or inverted peak) light intensities from the
tracers 110, and cross-correlate these points 1 time to
determine a time delay (At,) between peaks, or nverted
peaks, ol light imntensity from the tracers 110. The computing,
system can further determine <At,> based on the At,. In
another embodiment, a combination of the measurement
devices 130A-130D can determine At, and <At,> using a
process similar to the aforementioned computer system
process.

In the 1illustrated embodiment, as the tracers 110 flow
across the second channel configuration 106, the tracers 110
can flow 1nto a tflow channel of a third scalable tlow unit (not
shown). As shown, light source 120C generates a light
signal, which 1s transierred into a photonic element of the
third scalable flow unit. The photonic element of the third
scalable flow unit can guide the light signal to the flow
channel of the third scalable flow unit. The tracers 110
encounter the light signal as the tracers 110 travel along the
flow channel of the third scalable flow unit. During this
encounter, measurement device 130C can measure a fluo-
rescence of the tracers 110, or an absorption, retlection, or
refraction of the light signal. In one embodiment, the mea-
surement device 130C can determine a point in time when
it measures a light intensity or a change in light intensity
from the tracers 110, and communicate the point in time with
a computing system or with another measurement device.

In one embodiment, the computing system receives the
measurements and points 1n time from measurement device
130B and measurement device 130C, and determines an
average time of thght (<1 .>) between the points 1n time.
Hence, <I > can represent the average amount of time the
tracers 110 take to travel across the second channel con-
figuration 106. In another embodiment, a combination of the
measurement devices 130A-130D can be communicatively
coupled to each other and can determine <1 .> using a
process similar to the alorementioned computer process.

In the illustrated embodiment, the computing system
receives measurements and points 1n time that correspond to
light intensity from the tracers 110 as they pass measurement
devices 130B and measurement device 130C. The comput-
ing system can map the measurements and points 1n time to
the light intensity from the tracers 110 as a function of time
(I(t)). The computing system can then determine the points
in time of peak (or inverted peak) light intensities from the
tracers 110, and cross-correlate these points 1 time to
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determine a time of tlight (T.) of the tracers 110 as the time
delay between peaks, or inverted peaks, of light intensity
from the tracers 110. The computing system can further
determine <T,.> based on T.. In another embodiment, a
combination of the measurement devices 130A-130D can
determine T, and <T > using a process similar to the
alorementioned computer system process.

In the illustrated embodiment, as the tracers 110 flow
across the third channel configuration 108, the tracers 110
can flow into a flow channel of a fourth scalable flow unit
(not shown). As shown, light source 120D generates a light
signal, which 1s transierred into a photonic element of the
tourth scalable flow unit. The photonic element of the fourth
scalable flow unit can guide the light signal to the flow
channel of the fourth scalable flow unit. The tracers 110
encounter the light signal as the tracers 110 travel along the
flow channel of the fourth scalable flow unit. During this
encounter, measurement device 130D can measure a fluo-
rescence ol the tracers 110, or an absorption, reflection, or
refraction of the light signal. In one embodiment, the mea-
surement device 130D can determine a point in time when
it measures a light intensity or a change in light intensity
from the tracers 110, and communicate the point 1n time with
a computing system or with another measurement device.

In one embodiment, the computing system receives the
measurements and points 1n time from measurement device
130C and measurement device 130D, and determines an
average time delay (<At,>) between the points 1n time.
Hence, <At,> can represent the average amount of time the
tracers 110 take to travel across the third channel configu-
ration 108. In another embodiment, the measurement
devices 130A-130D can be communicatively coupled to
cach other and can determine At using a process similar to
the aforementioned computer process.

In the illustrated embodiment, the computing system
receives measurements and points 1n time that correspond to
light intensity from the tracers 110 as they pass measurement
devices 130C and measurement device 130D. The comput-
ing system can map the measurements and points in time to
the light intensity from the tracers 110 as a function of time
(I(t)). The computing system can then determine the points
in time of peak (or mverted peak) light intensities from the
tracers 110, and cross-correlate these points in time to
determine a time delay (At,) between peaks, or inverted
peaks, of light intensity from the tracers 110. The computing
system can further determine <At,> based on At,. In another
embodiment, a combination of the measurement devices
130A-130D can determine At, and <At,> using a process
similar to the aforementioned computer system process.

In the illustrated embodiment, at least one dimension of
the first channel configuration 104 and the third channel
configuration 108 are equal 1n length. This length, traveled
by the tracers 110, 1s labeled as Ax. The length of a
dimension of the second channel configuration 106 that is
traveled by the tracers 110 1s labeled as L. The flow rate (Q)
of the fluid over the cross-sectional area (A) of the fluidic
device 1s due to the applied pressure gradient (VP). Given
the aforementioned information, measurements, points in
time, <At,>, <At,>, and <T >, the macroscopic tlow speed
(U) of the fluid in the fluidic device can be determined as
follows:

U=0/d=Ax/\ Ar,) =Ax/A A, ) =LA T

Additional flow properties can be determined given a
measured or observed viscosity of the fluid (i), macroscopic
flow speed (U), and the pressure gradient VP applied to the
cross-sectional area (A) of the fluidic device. Given the
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alforementioned elements, the permeability (k) of the porous
material 1 the second channel configuration 106 can be
determined as follows:

k=nl/(-VP)

One benefit to the aforementioned process for determin-
ing the tlow properties of the fluid is that the flow properties
do not need to be measured inside of a given channel
configuration. Hence, the tlow properties can be determined
when a channel configuration 1s opaque (or otherwise
obscured) such that visual-based measurement techniques to
determine tlow properties 1n the channel configuration are
ineflective.

FIGS. 2A and 2B illustrate a scalable flow unit 200,
according to one embodiment. FIG. 2A illustrates a top view
ol the scalable tlow unit 200.

In the illustrated embodiment, a first photonic element
204, a second photonic element 206, and a flow channel 208
are disposed on a first silicon-based layer 202. A second
silicon-based layer (which 1s omitted from FIG. 2A so the
underlying elements in the scalable flow unit 200 can be
seen) 1s disposed on the first photonic element 204, the
second photonic element 206, and the tlow channel 208.
Further, FIG. 2A 1ncludes the cross section A-A indicating
the cross sectional view illustrated 1n FIG. 2B.

Further, as shown, the first photonic element 204 1s
arranged orthogonal to the first side of the flow channel 208,
and the second photonic element 206 1s arranged orthogonal
to the second side of the flow channel 208. The first photonic
clement 204 and the second photonic clement 206 are
aligned such that an optical signal from a light source
positioned outside of the scalable flow unit 200 can enter
into a first end of the first photonic element 204, and transfer
through a second end of the first photonic element 204 that
1s disposed on the first side of the flow channel 208.

In one embodiment, scalable tlow unit 200 1s disposed on
or within a fluidic device such that the fluid from the fluidic
device tlows through the flow channel 208. The fluid can
flow 1n a direction that 1s parallel to the first and second sides
of the flow channel 208, or orthogonal to the first photonic
clement 204 and the second photonic element 206. The fluid
can 1nclude tracers that are small enough to travel through

the fluid 1n the flow channel or 1n the fluidic device.

In the illustrated embodiment, the optical signal can
transfer from the first side of the flow channel 208 to the
second side of the flow channel 208, and encounter the
tracers 1n the tlow channel 208. During this encounter, the
optical signal may be partially absorbed, reflected, or
refracted by the tracers. The optical signal may also trigger
a fluorescent eflect 1n the tracers. The optical signal can then
transier into the first side of the second photonic element 206
that 1s disposed on the second side of the flow channel 208,
and exit from a second side of the second photonic element
206.

FIG. 2B illustrates a cross-sectional view of the scalable
flow unit 200. In the illustrated embodiment, the scalable
flow unit 200 comprises the first silicon-based layer 202. In
one embodiment, the first silicon-based layer 202 functions
as a substrate. The first silicon-based layer 202 can comprise
silicon oxide, silicon nitrite, or any other silicon-based
insulator.

The flow channel 208 1s disposed on the first silicon-based
layer 202. The first and second photonic elements 204 and
206 are disposed on the first silicon-based layer 202. As
shown, the first photonic element 204 1s disposed on a first
side of the flow channel 208, opposite the second photonic

the flow channel without altering or obstructing the flow of
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clement 206 that 1s disposed on a second side of the tlow
channel 208. The photonic eclements 204 and 206 can
comprise at least one of a waveguide, splitter, combiner,
mixer, iterferometer, or the like.

A second silicon-based layer 210 can be disposed on the
photonic elements and the flow channel 208. In one embodi-
ment, the second silicon-based layer 210 serves as a capping
layer. The second silicon-based layer 210 can comprise
silicon oxide, silicon nitrite, or any other silicon-based
insulator. In the 1llustrated embodiment, the second silicon-
based layer 210 1s disposed on the first photonic element
204, the tlow channel 208, and the second photonic element
206.

FIG. 3 illustrates a fluidic device measurement system
300 with a multi-stack scalable flow unit 304, _,, according
to one embodiment. In one embodiment, the multi-stack
scalable flow umt 304, ., can be disposed on or within a
channel 302 of flmdic device.

The multi-stack scalable flow unit 304, _,, comprises at
least one scalable flow unit disposed on a first scalable tlow
unit 304, . In the 1llustrated embodiment, a scalable flow unit
304, 1s positioned at the top of the multi-stack scalable tlow
unit 304, . The scalable flow unit 304,, can include a
photonic element 306 disposed on a tlow channel 308. The
photonic element 306 1s depicted as a Y-splitter.

Further, as shown, the fluidic device measurement system
300 can 1nclude a light source 320 disposed on a first end of
the photonic element 306, and a measurement device 330
disposed on a second end of the photonic element 306. The
light source 320 and the measurement device 330 can be
disposed on the same side of the scalable flow unit 304,..

In one embodiment, the light source 320 and measure-
ment device 330 are operable to service all scalable flow
units of the multi-stack scalable flow unit 304, _,. In another
embodiment, the light source 320 and measurement device
330 are operable to service only scalable the scalable tlow
units 304,

In one embodiment, the fluidic device includes a fluid
with a set tracers 310 suspended therein. When the fluid
travels across the channel 302 of the fluidic device, the fluid
also travels across the flow channel 308 of the scalable tlow
unit 304,

In the illustrated embodiment, the light source 320 can
generate a light signal that propagates through the photonic
clement 306 from first end of the photonic element 306 to
the flow channel 308. When the light signal reaches the flow
channel 308, the light signal can encounter the tracers 310.
During this encounter, the light signal may be partially
absorbed, reflected, or refracted by the tracers 310. The light
signal may also trigger a fluorescent eflect in the tracers 310.
The light signal can then propagate towards the second end
of the photonic element 306, and reach the measurement
device 330. The measurement device 330 can measure the
light signal, and determine tflow properties of the tluid.

One benefit of using a multi-stack scalable tlow unit 1s
increased accuracy and time saved in determining flow
properties of a fluidic device. The multi-stack scalable flow
umt enables light signal measurements to be taken at each
scalable flow unit of the multi-stack scalable flow unit,
thereby enabling parallel collection of data that 1s used to
determine the tlow properties.

FIG. 4 illustrates a method 400 of determining flow
properties of a fluidic device, according to one embodiment.
In one embodiment, the method 400 involves the control of
a fluidic device measurement system. The fluidic device
measurement system can comprise light sources configured
to generate light signals, tracers suspended 1n a flmd of the
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fluidic device, one or more photonic devices, each compris-
ing at least one photonic element and a flow channel, and
measurement devices. In one embodiment, the photonic
clements of a first photonic device can be aligned with the
light sources to allow the light signals to reach the flow
channel of the first photonic device via the photonic ele-
ments of the first photonic device.

The photonic devices can be disposed on or within a
channel of the fluidic device. In one embodiment, the fluid
of the flmdic device flows in the channel due to a pressure
gradient applied to the device. The fluid can also tlow
through the flow channels of the photonic devices on or
within the channel.

The method 400 begins at block 402. At block 404,
measurement devices determine a first measurement based
on the light signals and the tracers at the flow channel of the
first photonic device. Referring to FIG. 1, in one embodi-
ment, the photonic elements of the first photonic device (not
shown) are aligned with light source 120B, which allows
light signals from light source 120B to reach the flow
channel of the first photonic device. The tracers 110 encoun-
ter the light signal from light source 120B as the tracers 110
travel along the flow channel of the first photonic device.
During this encounter, the measurement device 130B can
measure a fluorescence of the tracers 110; an absorption,
reflection, or refraction of the light signal; or any change in
intensity of the light signal. In one embodiment, the mea-
surement device 130B can determine a point 1n time when
it measures a light intensity or a change 1n light intensity
from the tracers 110, and communicate the point 1n time with
a computing system or with another measurement device.

At block 406, the measurement devices determine a
second measurement based on the light signals and the
tracers at a flow channel of a second photonic device. In one
embodiment, the second photonic device 1s disposed on or
within the fluidic channel at a different location than the first
photonic device.

Referring to FIG. 1, 1n one embodiment, the photonic
clements of the second photonic device (not shown) are
aligned with light source 120C, which allows light signals
from light source 120C to reach the flow channel of the
second photonic device. The tracers 110 can encounter the
light signals from light source 120C as the tracers 110 travel
along the flow channel of the second photonic device.
During this encounter, the measurement device 130C can
measure a fluorescence of the tracers 110; an absorption,
reflection, or refraction of the light signal; or any change in
intensity of the light signal. In one embodiment, the mea-
surement device 130C can determine a point in time when
it measures a light intensity or a change in light intensity
from the tracers 110, and communicate the point in time with
a computing system or with another measurement device. In
one embodiment, measurements can be taken at additional
scalable flow units using a similar process to the foregoing.

At block 408, the measurement devices determine prop-
erties associated with a flow of the fluid or the tracers based
on the first measurement and the second measurement. In
one embodiment, the computing system receives the mea-
surements and points 1n time, and determines an average
time of tlight (<T,.>) between the points 1in time. Hence,
<T,.> can represent the average amount of time the tracers
take to travel from the location of the first photonic device
to the location of the second photonic device. The distance
between the locations of the first and second photonic
devices can be represented as length L.

In one embodiment, the computing system or the mea-
surement devices recerves the measurements and the points
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in time, and determines an average time delay (<At>)
between the points 1n time. For instance, <At> can represent
the average amount of time the tracers take to travel from the
location of the second photonic device to the location of a
third photonic device. The distance between the locations of
the second and third photonic devices can be represented as
AX.

The tlow rate (Q) of the tluid over the cross-sectional area
(A) of the fluidic device 1s due to the applied pressure
gradient (VP). Given the atorementioned information, mea-
surements, points 1n time, At, and T, the macroscopic tlow
speed (U) of the fluid 1n the fluidic device can be determined
as follows:

U=0/A=Ax/\ Ar) =LA Ty}

Additional flow properties can be determined given a
measured or observed viscosity of the fluid (u), and macro-
scopic flow speed (U). Given the aforementioned elements,
the permeability (k) of the second channel configuration can
be determined as follows:

k=nU/(~VP)

The method 400 ends at block 410. One benefit of the

method 400 disclosed herein 1s the ability to determine flow
properties of a fluid 1n a flmd channel, irrespective of
differences between configurations of the fluidic channel.
For example, referring to FIG. 1, measurements can be taken
at scalable flow units positioned outside of the second
channel configuration 106 (which includes the porous
region) to determine the flow properties 1inside of the second
channel configuration 106. This 1s particularly useful when
a channel configuration i1s visually inaccessible (e.g., the
channel configuration 1s opaque or otherwise obscured).

The descriptions of the various embodiments of the
present 1nvention have been presented for purposes of
illustration, but are not intended to be exhaustive or limited
to the embodiments disclosed. Many modifications and
variations will be apparent to those of ordinary skill in the
art without departing from the scope and spirit of the
described embodiments. The terminology used herein was
chosen to best explain the principles of the embodiments, the
practical application or technical improvement over tech-
nologies found 1n the marketplace, or to enable others of
ordinary skill in the art to understand the embodiments
disclosed herein.

In the preceding, reference 1s made to embodiments
presented 1n this disclosure. However, the scope of the
present disclosure 1s not limited to specific described
embodiments. Instead, any combination of the features and
elements, whether related to different embodiments or not, 1s
contemplated to mmplement and practice contemplated
embodiments. Furthermore, although embodiments dis-
closed herein may achieve advantages over other possible
solutions or over the prior art, whether or not a particular
advantage 1s achieved by a given embodiment 1s not limiting
of the scope of the present disclosure. Thus, the aspects,
features, embodiments and advantages discussed herein are
merely 1llustrative and are not considered elements or limi-
tations of the appended claims except where explicitly
recited 1n a claim(s). Likewise, reference to “the invention”™
shall not be construed as a generalization of any mventive
subject matter disclosed herein and shall not be considered
to be an element or limitation of the appended claims except
where explicitly recited 1 a claim(s).

Aspects of the present invention may take the form of an
entirely hardware embodiment, an entirely software embodi-
ment (including firmware, resident soiftware, microcode,
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etc.) or an embodiment combining software and hardware
aspects that may all generally be referred to herein as a
“circuit,” “module” or “system.”

The present invention may be a system, a method, and/or
a computer program product. The computer program prod-
uct may include a computer readable storage medium (or
media) having computer readable program instructions
thereon for causing a processor to carry out aspects of the
present mvention.

The computer readable storage medium can be a tangible
device that can retain and store instructions for use by an
instruction execution device. The computer readable storage
medium may be, for example, but 1s not limited to, an
clectronic storage device, a magnetic storage device, an
optical storage device, an electromagnetic storage device, a
semiconductor storage device, or any suitable combination
of the foregoing. A non-exhaustive list of more specific
examples of the computer readable storage medium includes
the following: a portable computer diskette, a hard disk, a
random access memory (RAM), a read-only memory
(ROM), an erasable programmable read-only memory
(EPROM or Flash memory), a static random access memory
(SRAM), a portable compact disc read-only memory (CD-
ROM), a digital versatile disk (DVD), a memory stick, a
floppy disk, a mechanically encoded device such as punch-
cards or raised structures in a groove having instructions
recorded thereon, and any suitable combination of the fore-
going. A computer readable storage medium, as used herein,
1s not to be construed as being transitory signals per se, such
as radio waves or other freely propagating electromagnetic
waves, electromagnetic waves propagating through a wave-
guide or other transmission media (e.g., light pulses passing
through a fiber-optic cable), or electrical signals transmitted
through a wire.

Computer readable program instructions described herein
can be downloaded to respective computing/processing
devices from a computer readable storage medium or to an
external computer or external storage device via a network,
for example, the Internet, a local area network, a wide area
network and/or a wireless network. The network may com-
prise copper transmission cables, optical transmission fibers,
wireless transmission, routers, firewalls, switches, gateway
computers and/or edge servers. A network adapter card or
network interface 1n each computing/processing device
receives computer readable program instructions from the
network and forwards the computer readable program
istructions for storage i a computer readable storage
medium within the respective computing/processing device.

Computer readable program instructions for carrying out
operations of the present invention may be assembler
instructions, instruction-set-architecture (ISA) instructions,
machine instructions, machine dependent instructions,
microcode, firmware instructions, state-setting data, or
either source code or object code written 1n any combination
ol one or more programming languages, including an object
oriented programming language such as Smalltalk, C++ or
the like, and conventional procedural programming lan-
guages, such as the “C” programming language or similar
programming languages. The computer readable program
istructions may execute entirely on the user’s computer,
partly on the user’s computer, as a stand-alone software
package, partly on the user’s computer and partly on a
remote computer or entirely on the remote computer or
server. In the latter scenario, the remote computer may be
connected to the user’s computer through any type of
network, including a local area network (LAN) or a wide
area network (WAN), or the connection may be made to an
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external computer (for example, through the Internet using
an Internet Service Provider). In some embodiments, elec-
tronic circuitry including, for example, programmable logic
circuitry, field-programmable gate arrays (FPGA), or pro-
grammable logic arrays (PLA) may execute the computer
readable program instructions by utilizing state information
of the computer readable program 1nstructions to personalize
the electronic circuitry, 1n order to perform aspects of the
present invention.

Aspects of the present invention are described herein with
reference to flowchart 1llustrations and/or block diagrams of
methods, apparatus (systems), and computer program prod-
ucts according to embodiments of the invention. It will be
understood that each block of the flowchart illustrations
and/or block diagrams, and combinations of blocks in the
flowchart 1llustrations and/or block diagrams, can be 1mple-
mented by computer readable program instructions.

These computer readable program instructions may be
provided to a processor of a general purpose computer,
special purpose computer, or other programmable data pro-
cessing apparatus to produce a machine, such that the
istructions, which execute via the processor of the com-
puter or other programmable data processing apparatus,
create means for implementing the functions/acts specified
in the flowchart and/or block diagram block or blocks. These
computer readable program instructions may also be stored
in a computer readable storage medium that can direct a
computer, a programmable data processing apparatus, and/
or other devices to function 1n a particular manner, such that
the computer readable storage medium having instructions
stored therein comprises an article of manufacture including
instructions which implement aspects of the function/act
specified 1n the flowchart and/or block diagram block or
blocks.

The computer readable program instructions may also be
loaded onto a computer, other programmable data process-
ing apparatus, or other device to cause a series of operational
steps to be performed on the computer, other programmable
apparatus or other device to produce a computer 1mple-
mented process, such that the mnstructions which execute on
the computer, other programmable apparatus, or other
device implement the functions/acts specified in the flow-
chart and/or block diagram block or blocks.

The flowchart and block diagrams 1n the Figures 1llustrate
the architecture, functionality, and operation of possible
implementations ol systems, methods, and computer pro-
gram products according to various embodiments of the
present invention. In this regard, each block 1n the flowchart
or block diagrams may represent a module, segment, or
portion ol instructions, which comprises one or more
executable 1nstructions for implementing the specified logi-
cal function(s). In some alternative implementations, the
functions noted 1n the block may occur out of the order noted
in the figures. For example, two blocks shown 1n succession
may, in fact, be executed substantially concurrently, or the
blocks may sometimes be executed in the reverse order,
depending upon the functionality mvolved. It will also be

noted that each block of the block diagrams and/or flowchart
illustration, and combinations of blocks 1n the block dia-
grams and/or flowchart illustration, can be implemented by
special purpose hardware-based systems that perform the
specified functions or acts or carry out combinations of
special purpose hardware and computer instructions.
While the foregoing i1s directed to embodiments of the
present invention, other and further embodiments of the
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invention may be devised without departing from the basic
scope thereol, and the scope thereof 1s determined by the
claims that follow.

What 1s claimed 1s:
1. A system comprising:
a light source configured to generate a plurality of optical
signals;
tracers suspended 1n a fluid;
a plurality of photonic devices, each including a photonic
element and flow channel; and
a measurement device configured to:
determine a first measurement based on the plurality of
optical signals and the tracers 1n a flow channel of a
first photonic device of the plurality of photonic
devices,

determine a second measurement based on the plurality
of optical signals and the tracers 1n a flow channel of
a second photonic device of the plurality of photonic
devices, and

determine a property associated with a flow of the flmd
or the tracers based on the first measurement and the
second measurement.

2. The system of claim 1, wherein a photonic element of
the first photonic device 1s aligned with the light source to
allow the plurality of optical signals to reach the flow
channel of the first photonic device.

3. The system of claim 1, wherein a photonic element of
the first photonic device comprises at least one of a wave-
guide, a splitter, a combiner, a mixer, or an interferometer.

4. The system of claim 1, wherein a first photonic element
of the first photonic device and a second photonic element
of the first photonic device are aligned on opposite sides of
the flow channel of the first photonic device such that the
plurality of optical signals can transier from the first pho-
tonic element to the second photonic element.

5. The system of claim 1, wherein the photonic element of
the first photonic device comprises a Y-splitter, wherein the
light source 1s disposed on a first end of the Y-splitter,
wherein the measurement device 1s disposed on a second
end of the Y-splitter, and wherein a third end of the Y-splitter
1s disposed on the flow channel of the first photonic device.

6. The system of claim 1, wherein the flow channel of the
first photonic device extends from one end of a first photonic
device to the opposite end of the first photonic device.

7. The system of claim 1, wherein each of the first
measurement and the second measurement comprises at
least one of a fluorescence, reflection, a refraction, an
absorption, or an emission of light.

8. The system of claim 1, wherein one or more photonic
devices are disposed on the first photonic device.

9. The system of claim 1, wherein the tracers comprise at
least one of polystyrene balls containing fluorescent mol-
ecules, 1norganic particles, quantum dots, molecules,
organic dye, metal micro-particles, or metal nanoparticles.

10. A photonic device comprising:

a substrate;

a first photonic element disposed on the substrate;

a flow channel disposed on the substrate and arranged to
allow fluid, having a tracer suspended in the fluid, to
flow 1n the flow channel, wherein the first photonic
clement 1s arranged to allow an optical signal and the
tracer to reach the flow channel from outside of the
photonic device; and
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a capping layer disposed on the first photonic element and

the flow channel.
11. The photonic device of claim 10, wherein the flow
channel 1s arranged to allow the fluid to flow to a second
photonic device, wherein the first photonic element 1s
arranged to allow the optical signal and the tracer to reach
the flow channel from outside of the photonic device such
that (1) a measurement 1s determinable based on the optical
signal and the tracer and (11) a flow property associated with
the fluid or the tracer 1s determinable based on the measure-
ment, and wherein at least one of the measurement or the
flow property 1s determinable via a measurement device.
12. The photonic device of claim 10, where the first
photonic element comprises at least one of a waveguide, a
splitter, a combiner, a mixXer, or an interierometer.
13. The photonic device of claim 10, wherein the first
photonic element and a second photonic element are aligned
on opposite sides of the tlow channel such that the optical
signal can transfer ifrom the first photonic element to the
second photonic element.
14. The photonic device of claim 10, wherein the first
photonic element comprises a Y-splitter, wherein a first end
of the Y-splitter extends to a first side of the photonic device,
wherein a second end of the Y-splitter extends to the first
side of the photonic device, and wherein a third end of the
Y-splitter 1s disposed on the tlow channel.
15. The photonic device of claim 10, wherein the photonic
device 1s disposed on at least one other photonic device.
16. A method comprising:
determining, via a measurement device, a first measure-
ment based on a plurality of optical signals and based
further on a flow of tracers when the tracers are
disposed 1n a flow channel of a first photonic device;

determining, via the measurement device, a second mea-
surement based on the plurality of optical signals and
based further on the flow of the tracers when the tracers
are disposed in a flow channel of a second photonic
device, wherein the first and second flow channels are
fluidically connected; and

determining, via the measurement device, a property

associated with the tlow of the tracers based on the first
and second measurements.

17. The method of claim 16, wherein determining the
property further comprises determining a macroscopic flow
speed (U) of a fluid that includes the tracers.

18. The method of claim 17, wherein the macroscopic
flow speed (U) 1s determined as a function of a tlow rate (Q)
of the flid over a cross-sectional area (A) of the fluidic
device, wherein Q 1s due to an applied pressure gradient
(VP), such that U=Q/A.

19. The method of claim 17, wherein the macroscopic
flow speed (U) 1s determined as a function of a distance
traveled (Ax) by the plurality of tracers and an average time
(<At>) required to travel the distance Ax, wherein the
macroscopic tlow speed (U) 1s determined as a function of
a channel length (L) traveled by the plurality of tracers and
an average time of tlight (<T ) required to travel the length
L, such that U=Q/A=AX/<At>=L/(T ).

20. The method of claim 17, wherein determining the flow
property further comprises determining a permeability (k) of
a channel of the fluidic device based on a fluid viscosity (u),

the macroscopic tlow speed (U), and a pressure gradient VP,
such that k=uU/(-VP).

G ex x = e




	Front Page
	Drawings
	Specification
	Claims

